We present the results from a Gemini snapshot radial-velocity survey of 44 lowmass white dwarf candidates selected from the Sloan Digital Sky Survey spectroscopy. To find sub-hour orbital period binary systems, our time-series spectroscopy had cadences of 2 to 8 min over a period of 20-30 min. Through follow-up observations at Gemini and the MMT, we identify four double degenerate binary systems with periods ranging from 53 min to 7 h. The shortest period system, SDSS J123549.88+154319.3, was recently identified as a subhour period detached binary by Breedt and collaborators. Here we refine the orbital and physical parameters of this system. High-speed and time domain survey photometry observations do not reveal eclipses or other photometric effects in any of our targets. We compare the period distribution of these four systems with the orbital period distribution of known double white dwarfs; the median period decreases from 0.64 to 0.24 d for M = 0.3 − 0.5M ⊙ to M < 0.3M ⊙ white dwarfs. However, we do not find a statistically significant correlation between the orbital period and white dwarf mass.
INTRODUCTION
There are now more than 90 short period binary white dwarfs known (e.g., Saffer et al. 1988; Bragaglia et al. 1990; Marsh et al. 1995; Moran et al. 1997; Maxted et al. 2000; Morales-Rueda et al. 2005; Nelemans et al. 2005; Vennes et al. 2011; Rebassa-Mansergas et al. 2017; Breedt et al. 2017) , including more than three dozen systems that will merge within a Hubble time. The majority of the merger systems were found in the last 7 years, thanks to the Extremely Low Mass Survey (the ELM Survey, Brown et al. 2016a , and references therein), which targets white dwarfs with log g < 7 and M < 0.3M⊙. Given the finite age of the universe, the only way to form ELM white dwarfs is through binary evolution, and we do in fact find almost 100% of ELM white dwarfs in short period systems. This is significantly higher than the binary fraction of 10% for the overall population of white dwarfs that were observed as part of the Supernova-Ia Progenitor surveY (SPY, Napiwotzki et al. 2004; Maoz & Hallakoun 2017) . Brown et al. (2016b) estimate an ELM white dwarf merger rate of 3 × 10 −3 yr −1 over the entire disk of the Milky Way. This is significantly larger than the AM CVn formation rate, indicating that most ELM white dwarf systems will merge. These merger systems, depending on the total mass of the binary, will likely form single subdwarfs, extreme helium stars, or single massive white dwarfs. The most likely outcome is an R Cor Bor star, since the ELM white dwarf merger rate is statistically identical to the R Cor Bor formation rate. These merger rates are dominated by the quickest merger systems, the ones with the shortest periods.
There are currently five sub-hour orbital period detached double white dwarfs known; J0106−1000, J0651+2844, J1630+4233, WD 0931+444 , and references therein), and J1235+1543 (Breedt et al. 2017) . The two shortest period systems with P < 20 min, J0651+2844 and WD 0931+444, are verification sources for the Laser Interferometer Space Antenna (LISA, Kilic et al. 2015; Korol et al. 2017) . The discovery of additional subhour orbital period systems is important for both precise white dwarf merger rate estimates and future space-based gravitational wave missions (Amaro-Seoane et al. 2012) .
Here we present the results from a targeted search for sub-hour period binary white dwarfs from Gemini Observatory, with additional follow-up observations from the MMT. We discuss our target selection in Section 2, describe our follow-up spectroscopy and photometry in Section 3, and present the orbital solutions for four binaries in Section 4, including J1235+1543. Breedt et al. (2017) independently identified the latter as a sub-hour orbital period system based on the SDSS subspectra. Here we refine the orbital parameters of this system based on extended follow-up observations. We discuss the parameters of the four confirmed binary systems in our sample, as well as the implications of the results from this search in Section 5. Figure 1 shows the temperature versus period distribution of the binary white dwarfs in the ELM Survey (Brown et al. 2016a ). This figure demonstrates that the shortest period systems also happen to be the hotter white dwarfs with T eff > 12,000 K. This is a direct consequence of gravitational wave emission: white dwarfs in the shortest period systems merge before they have a chance to cool down. Hence, we only see them when they are relatively young and hot. This provides an excellent, but currently under-utilized, selection mechanism for the shortest period binary systems. For example, 39% of the previously observed ELM white dwarfs hotter than 12,000 K are in binaries with P < 0.1 d, with a median period of 65 min.
TARGET SELECTION
We take advantage of this selection mechanism to search for short period binary white dwarfs in the SDSS Data Release 10 spectroscopy sample. One of the authors (CAP) fitted all of the DR10 optical spectra with stellar templates for main-sequence stars (Castelli & Kurucz 2004 ) and white dwarfs using the FERRE code (Allende-Prieto & Apogee Team 2015). Among these Figure 1 . Temperature versus orbital period distribution for the binary white dwarfs in the ELM Survey. Roughly 39% of the previously known ELM white dwarfs with T eff > 12, 000 K are in binaries with P < 0.1 d (red box).
objects, we identify 49 relatively hot low-mass white dwarfs with T eff > 12,000 K, M < 0.4M⊙, S/N>10 SDSS spectroscopy, and with no previous radial velocity observations. Note that our target selection would have included the eclipsing double white dwarf systems J0651 (Brown et al. 2011 ) and CSS 41177 (Parsons et al. 2011 ).
OBSERVATIONS
We obtained follow-up optical spectroscopy of 34(10) targets using the 8m Gemini North (South) telescope equipped with the Gemini Multi-Object Spectrograph (GMOS) as part of the programs GN-2016A-Q-54, GN-2016B-Q-45, GS-2015A-Q-10, GS-2016A-Q-58, and GS-2016B-Q-48. Since we are only interested in finding sub-hour orbital period systems, and not constraining the binary periods for all targets, we limited our observations to ≈30 min per target. Depending on the target brightness, we obtained a sequence of 4-11 × 2-8 min long exposures with the B600 grating and a 0.5 ′′ slit, providing wavelength coverage from 3570Å to 6430Å and a resolving power of 1850 for GMOS-North, and coverage from 3620Å to 6780Å and a resolving power of 1940 for GMOS-South. Each spectrum has a comparison lamp exposure taken within 10 min of the observation time.
Based on the initial velocity measurements from GMOS, we obtained additional follow-up data for six targets (J1113+2712, J1237+4913, J1323+3254, J1407+1241, J1633+3030, and J1716+2838) using the same setup on Gemini North as part of the Fast Turnaround program GN-2016A-FT-34. Most of these targets were observed with back-to-back exposures over ≈1.8 h, but some of the observations were split into multiple nights due to weather conditions and the constraints imposed by queue scheduling.
We used the 6.5m MMT with the Blue Channel spectrograph to obtain follow-up data on five targets (J0834+3049, J1032+2147, J1235+1543, J1237+4913, and J2342+0811) between 2016 Jan and 2017 Mar. We operated the spectrograph with the 832 line mm −1 grating in second order, providing wavelength coverage from 3600Å to 4500Å and a spectral resolution of 1.0Å. We obtained all observations at the parallactic angle, with a comparison lamp exposure paired with every observation. We flux-calibrated using blue spectrophotometric standards (Massey et al. 1988) .
We also used the Kitt Peak National Observatory 4m telescope + KOSMOS (Martini et al. 2014) in 2016 Dec and the Apache Point Observatory 3.5m telescope with the Dual Imaging Spectrograph (DIS) in 2017 Mar to obtain additional follow-up spectroscopy of J1237+4913. We operated the KOSMOS (as part of the program 2016B-0160) and DIS spectrographs with the b2k and B1200 gratings, providing wavelength coverages of 3500-6200Å and 3750-5000Å, and spectral resolutions of 2.0Å and 1.8Å, respectively.
We obtained follow-up time-series photometry of one of our targets, J1235+1543, using the McDonald Observatory 2.1m Otto Struve telescope with the ProEM camera and the BG40 filter. We used an exposure time of 10 s with a total integration time of 3230 s, which covers the entire orbital period for this short period system. We binned the CCD by 4 × 4, which resulted in a plate scale of 0.38 ′′ pixel −1 . We adopted the external IRAF package ccd hsp (Kanaan et al. 2002 ) for aperture photometry. There was only one bright comparison star available in the field of view, and we corrected for transparency variations by dividing the sky-subtracted light curve by the light curve of this comparison star.
RESULTS

Stellar Atmosphere Fits
We employed a pure-hydrogen model atmosphere grid covering 4000-35,000 K and log g = 4.5-9.5 to fit the normalized Balmer line profiles of our targets in the summed, rest-frame Gemini spectra. The models and our fitting procedures are described in Gianninas et al. (2015) . We used the evoluationary sequences from Althaus et al. (2013) for low-mass He-core white dwarfs and Fontaine et al. (2001) for C/O core white dwarfs to estimate masses and absolute magnitudes for each object.
Figure 2 shows our model fits to a dozen targets in our sample. Given our initial target selection (T eff 12,000 K) based on the SDSS data, this figure uses the hot solution in the model fits. Balmer lines are strongest at T eff ∼ 14,000 K for average mass C/O white dwarfs. This usually leads to a degeneracy in the best-fit solution for model atmosphere analysis where a hot and a cool solution can both fit the normalized Balmer line profiles reasonably well, but optical photometry can help identify the correct solution in the majority of the cases. Five of our targets have ugriz photometry that implies an effective temperature below 10,000 K. Using the cool solutions in our spectroscopic model fits, these five objects (J1113+2712, J1321+1758, J1323+3254, J1011+0242, and J1132+0751) are best-fit with T eff 9, 000K and log g < 7 models, i.e. sdA stars (Kepler et al. 2016 ). Brown et al. (2017) demonstrate that ∼99% of the sdA stars are metal-poor main-sequence stars Figure 2 . 1D model fits (red) to the observed Balmer line profiles (black) from Gemini spectra for 12 of the targets in our sample. We fit the lines from Hβ (bottom) to H9 (top) using pure hydrogen model atmospheres.
in the halo. Hence, we do not consider these five stars as white dwarfs. Table 1 presents the physical parameters for all 44 stars in our sample. Our model atmosphere analysis shows that nine of these stars have masses above 0.5M⊙. Excluding these nine stars and the sdAs, there are 30 low-mass white dwarfs in our sample.
Radial Velocities and Errors
We measure radial velocities by cross-correlating the spectra against high signal-to-noise templates of known velocity. We use the RVSAO package documented in Kurtz & Mink (1998) and based on the Tonry & Davis (1979) algorithm. The cross-correlation is the normal product of the Fourier transform of an object spectrum with the conjugate of the Fourier transform of a template spectrum. The software package includes extra steps such as Fourier bandpass filtering, to dampen the high frequency (pixel-to-pixel) and low frequency (slow continuum roll) noise in spectra.
Velocity errors are measured from the full-width-athalf-maximum of the cross-correlation peak using the rstatistic (Tonry & Davis 1979) . Empirical validation us- Table 1 . Physical parameters and the summary of radial velocity measurements for our targets. The top 34 and the bottom 10 objects were observed at Gemini North and South, respectively. ing repeat low-and high-spectral resolution observations of galaxies and stars confirm the precision of the crosscorrelation errors (Kurtz & Mink 1998) . However, systematic errors can arise from poorly-matched templates, which skew the shape of the cross-correlation peak. We address this systematic issue by shifting-to-restframe and summing together all observations of a given target, and then cross-correlating the individual spectra against the summed spectrum of itself. This approach minimizes systematic error, but hides statistical error. The location of a star on the spectrograph slit changes how it illuminates the spectrograph and disperses its light onto the detector. We use our higher resolution and higher signal-to-noise ratio MMT data to investigate this issue. Back-to-back exposures of constant velocity targets at the MMT demonstrate a 10 to 15 km s −1 dispersion slit illumination effect, most apparent in targets observed in sub-arcsec seeing with short exposure times (like J1235+1543). Wavelength calibration errors also contribute. The MMT arc line fits have 3 km s −1 residuals, however the blue end <3900Å is anchored by weak lines that have larger 5 to 10 km s −1 residuals. The cross-correlation does not discriminate between slit illumination and wavelength calibration errors and real velocity change. The upshot is that we must add statistical error in quadrature to the cross-correlation error.
Our approach is to add 20 km s −1 in quadrature to the velocity errors of objects observed at Gemini and MMT and 30 km s −1 in quadrature to the velocity errors of objects observed at KPNO and APO. When fitting orbital parameters to the confirmed binaries, this choice of errors yields reduced χ 2 values of 1 (see the discussion in Section 4.4). We also test for zero point offsets between telescopes when fitting binary orbital parameters. We see no evidence for zero point offsets greater than the 1-σ error in γ, the systemic velocity.
Constraints on Radial Velocity Variability
Maxted et al. (2000) presented a robust method for identifying radial velocity variable objects. They used the weighted mean radial velocity for each star in their sample to calculate the χ 2 statistic for a constant-velocity model. They then calculated the probability, p, of obtaining the observed value of χ 2 or higher from random fluctuations of a constant velocity, taking into account the appropriate number of degrees of freedom. They identify objects with log (p) < −4 as binary systems. This selection leads to a false detection rate of < 0.5% in a sample of 44 objects. We adopt the same method to identify radial velocity variable objects in our sample. Table 1 lists the number of spectra (N ), weighted mean radial velocity, χ 2 for a constant-velocity fit, and the probability of obtaining this χ 2 value given the number of degrees of freedom (N − 1) for each star. The majority of the stars in our sample do not show significant velocity variations. Given the brevity of our Gemini observations (except for the stars with extensive follow-up observations), this is not surprising. Figure 3 shows our initial set of Gemini observations for six stars, three of which are excellent examples of nonvelocity-variable objects. Our Gemini data for J1011+0242, J1237−0039, and J1542+2936 (top panels) are consistent with a constant velocity fit with log (p) = −0.01 to −0.13. On the other hand, there are several targets with log (p) < −4, indicating that they are likely in short period binary systems (bottom panels). For example, our 2 min cadence data on J1235+1543 sample a significant portion of the binary orbit, and our 8 min cadence data on J1237+4913 reveal a positive velocity trend in that system. Similarly, the initial set of Gemini observations on J2342+0811 reveal a ≈250 km s −1 velocity change over two consecutive nights. We discuss these three objects further in the next section.
The five sdA stars in our sample (J1113+2712, J1321+1758, J1323+3254, J1011+0242, and J1132+0751) do not show significant velocity variations in our data. Metal-poor main sequence stars in detached binaries must have orbital periods above about 9 hr (Brown et al. 2017 ). Hence, the lack of significant velocity variations in these stars, as well as the majority of the stars in our sample of low-mass white dwarfs is consistent with the expectation that they are likely in longer period binary systems.
Four Binary Systems
There are eight objects in Table 1 with log (p) < −4; a constant velocity model is a poor representation of the data for these stars. These are likely binary systems. We have limited follow-up data on four of them, J0738+3241, J1407+1241, J2214+0550, and J2247+2951, and we are unable to constrain the orbital parameters for these four systems. However, the remaining four stars with log (p) < −4 have extensive follow-up observations, and they do show significant radial velocity variations with periods ranging from 53 min to 7 h.
We determine orbital parameters by minimizing χ 2 for a circular orbit. Figures 4 and 5 show the radial velocity observations, phased velocity curves, and periodograms for these four white dwarfs. Each panel also includes a blowup of the frequency range where the minimum χ 2 is found. Morales-Rueda et al. (2003) discussed the problems with identifying the correct orbital period from radial velocity data given problems with aliasing. They found that the reduced χ 2 values from circular orbit fits were significantly larger than 1 for some of their targets. They attributed this to an unaccounted source of error in their velocity measurements, perhaps the true variability of the star or slit illumination effects. They estimated the level of this uncertainty in their data such that when systematic and statistical errors are added in quadrature they give reduced χ 2 values of 1. We estimate statistical uncertainties of 20 and 30 km s −1 for the Gemini/MMT and KPNO/APO data, respectively (Section 4.2). Adding the cross-correlation errors from RVSAO and the statistical uncertainties in quadrature, we find the best-fit circular orbits with reduced χ 2 ranging from 0.97 to 1.16 for our four binary systems.
Out of these four binaries, three have unique orbital period solutions, while J2342+0811 has a significant period alias (at P = 0.14369 ± 0.0029 d and K = 126.0 ± 10.1 km s −1 ). Its second period alias at P = 5 h differs by 20 in χ 2 and is unlikely to be significant. The χ 2 minima have substructure due to the sampling (see the insets in Figures 4  and 5 ), however we do not fit the substructure. We measure the orbital period from the envelope of χ 2 , which is welldefined and symmetric in all four binaries.
We estimate errors by re-sampling the radial velocities with their errors and re-fitting orbital parameters 10,000 times. This Monte Carlo approach samples χ 2 space in a self-consistent way. We report the median period, semiamplitude, and systemic velocity along with the average 15.9% and 84.1% percentiles of the distributions in Table  2 . The distributions are symmetric, and so we average the percentiles for simplicity. We also fit J2342+0811's second and third minima at P = 3.5 and 5 hr; the semi-amplitudes differ by 2 km s −1 and are thus statistically identical to the best fit. Table 2 presents the orbital elements for these four binary systems with well constrained orbits. Note that Breedt et al. (2017) also identified J1235+1543 as a subhour orbital period binary with P = 49.5 min and K = 176 ± 21 km s −1 . However, they only used 5 radial velocity measurements from 800-1000 s long exposures. Based on 39 expo- Table 2 . Orbital Parameters sures, with exposure times as short as 2 min, we refine the period and velocity semi-amplitude for J1235+1543 to P = 52.9 min and K = 166.5 ± 6.2 km s −1 .
The observed velocity semi-amplitudes are relatively modest (K < 200 km s −1 ) for these stars, even for the 53 min period system J1235+1543. The median semi-amplitude of the ELM white dwarf binaries is 220 km s −1 (Brown et al. 2016b ). However, our targets are about twice as massive as the typical ELM white dwarfs, hence the observed smaller velocity amplitudes are not surprising. Table 2 also presents the mass functions, constraints on the companion masses, and the merger times due to gravitational wave radiation. Note that we define the visible lowmass white dwarf in each system as the primary star. The minimum mass companions to our targets range from 0.17 to 0.47 M⊙, with gravitational wave merger times of roughly 100 Myr for J1235+1543 to 13 Gyr for J0834+3049. All but one of these objects, J0834+3049, have minimum mass companions that are smaller in mass than the visible white dwarfs. Since lower mass white dwarfs should form last, and hence appear brighter, these three single-lined spectroscopic binary systems are likely low inclination systems where the companions are more massive than the visible white dwarfs.
Photometric Constraints
Spectral types and temperatures of the companions to single-lined spectroscopic binaries can be inferred through photometric effects like Doppler boosting, ellipsoidal variations, and eclipses, or through excess flux in the red or infrared bands. Based on our model atmosphere analysis, the absolute magnitudes of our four binary white dwarfs range from 9.9 to 10.4 in the i-band. If the companions are M dwarfs, the minimum mass companions would be comparable in brightness (within a factor of two, Kroupa & Tout 1997) or even brighter than our white dwarf targets in the iband. We do not see that. Hence, these four binary systems are double degenerates.
The probability of eclipses increases with decreasing orbital period. To search for eclipses and other photometric effects, we obtained high-speed photometry of the shortest period system in our sample, J1235+1543, with a cadence of 10 s. Figure 6 shows these observations over a binary orbit. There is no significant variability in this system, ruling out eclipses and ellipsoidal variations. The amplitude of the ellipsoidal effect is proportional to (M2/M1)(R1/a) 3 , where a is the orbital semi-major axis and R1 is the radius of the primary (Shporer et al. 2010) . Compared to the ELM white dwarfs that show ellipsoidal variations (Hermes et al. 2014; Bell et al. 2017) , (M2/M1) and R1 are relatively small for J1235+1543. Therefore, the lack of ellipsoidal variations is not surprising.
All four of the binary white dwarfs in our sample were observed by the Catalina Sky Survey (Drake et al. 2009 ). Figure 7 shows these light curves phased with the best-fit period from the radial velocity data. The Catalina data are sparse for J2342+0811 and part of the orbit is not covered. In addition, the data are noisy for these relatively faint stars.
There is a 4σ dip in the J0834+3050 light curve that might be an eclipse, however there are several other > 4σ outliers in the same light curve. We suspect that the photometric errors are underestimated. We conclude that there is no significant evidence for eclipses or other photometric effects in any of these systems given the Catalina observations.
DISCUSSION
Our snapshot radial velocity survey of relatively hot and young low-mass white dwarfs has revelaed four double degenerates with periods ranging from 53 min to about 7 h. Figure 8 compares the mass and period distribution for these systems against the period distribution of ELM (Brown et al. 2016b ) and low-mass white dwarfs (Nelemans et al. 2005; Brown et al. 2011; Debes et al. 2015; Hallakoun et al. 2016; Breedt et al. 2017; Rebassa-Mansergas et al. 2017 ). The dashed line shows the predicted mass (of the brighter white dwarf) versus period relation from the rapid binary-star evolution (BSE) algorithm of Hurley et al. (2002) for an initial binary of mainsequence stars with masses 2M⊙ + 1M⊙. The BSE calculations depend on two important parameters, αCE and αint (or αrec). The former parameter is the efficiency in converting orbital energy into kinetic energy to eject the envelope, and the latter describes the fraction of the internal energy (thermal, radiation and recombination energy) used to eject the envelope. Note that the latest version of the BSE code treats the binding energy parameter λ as a variable. Zorotovic et al. (2010 Zorotovic et al. ( , 2014 , Toonen & Nelemans (2013) , and Cojocaru et al. (2017) demonstrate that both of these efficiency parameters are small. We adopt αCE = αrec = 0.25 as in Zorotovic et al. (2010 Zorotovic et al. ( , 2014 for the evolutionary sequence shown in Figure 8 . The BSE calculations demonstrate that the closest stellar pairs that survive the common-envelope evolution should form lower mass white dwarfs. This is also consistent with the binary population synthesis calculations of Nelemans et al. (2005, see their Figure 8) .
Studying the orbital period distribution of postcommon-envelope binaries containing C/O and He-core white dwarfs separately, Zorotovic et al. (2011) found median periods of 0.57 d and 0.28 d for the two samples respectively. This difference is consistent with our understanding of the common-envelope evolution. If the mass transfer starts when the primary star is on the red giant branch, this leads to a He-core white dwarf, whereas if the mass transfer starts while the primary is on the asymptotic giant branch, this leads to a C/O core white dwarf. Hence, stellar evolution theory predicts the C/O core white dwarfs in post-commonenvelope binaries to be in longer period systems.
The period distribution of the double white dwarfs presented in Figure 8 shows a trend with mass, at least in the observed lower limit in period. The shortest period binaries with ∼ 0.4M⊙ white dwarfs are in 0.1 d systems, whereas the shortest period 0.2-0.3 M⊙ white dwarfs are in 0.01 d systems. The median period decreases from 0.64 d to 0.24 d for M = 0.3 − 0.5M⊙ to M < 0.3M⊙ white dwarfs in Figure  8 . With masses ranging from 0.29 to 0.43 M⊙, the period distribution for the four binaries presented in this paper is consistent with the period distribution of the post-commonenvelope binaries presented here. The rest of the low-mass white dwarfs in our sample are also likely in binary systems with ∼day long periods. However, our Gemini snapshot survey is not sensitive to such long periods. Zorotovic et al. (2011) looked for a significant correlation between the white dwarf mass and orbital period for Hecore and C/O-core white dwarfs separately, but they could not reject the null hypothesis based on an F-test. Adding the low-mass white dwarfs from this paper, the ELM Survey, and the literature (the sample shown in Figure 8 ) does not change the results; we still cannot reject the null hypothesis (no correlation with mass) based on an F-test of the current binary white dwarf sample. This is almost certainly due to the fact that the sample of long period systems with high masses is incomplete, as it is relatively hard to identify these systems and constrain their parameters. The population synthesis calculations (Nelemans et al. 2005 ) predict many low-mass (∼ 0.4M⊙) white dwarfs at P ∼ 10 d, yet they are missing from the observational samples. Hence, larger samples of binary white dwarfs that include longer period systems are needed to definitively find a trend between orbital period and primary white dwarf mass.
All four binary systems presented in this paper will merge within a Hubble time, with total masses of 0.76, 0.52, 0.68, and 0.68M⊙, respectively. The quickest merger system is J1235+1543, which contains a 0.35 M⊙ white dwarf with a M 0.17M⊙ companion. Note that a 0.17 M⊙ companion is expected to form after the 0.35 M⊙ white dwarf and it should be brighter. Hence, this is likely a low inclination system (i 36 • ) with a companion that is comparable to or more massive than 0.35 M⊙. Based on its distance of 386 pc, J1235+1543 has a gravitational wave strain of log h −22.2 at log ν = −3.2. This strain is comparable to that of the AM CVn binary GP Com. Hence, J1235+1543 is unlikely to be detected by LISA (Roelofs et al. 2007; Korol et al. 2017 ). 
